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Abstract:

Intracortical microelectrodes with the ability to detect intrinsic electrical signals and/or deliver electrical stimulation into
local brain regions have been a powerful tool to understand brain circuitry and for therapeutic applications to neurological
disorders. However, the chronic stability and sensitivity of these intracortical microelectrodes are challenged by
overwhelming biological responses, including severe neuronal loss and thick glial encapsulation. Unlike microglia and
astrocytes whose activity have been extensively examined, oligodendrocytes and their myelin processes remain poorly
studied within the neural interface field. Oligodendrocytes have been widely recognized to modulate electrical signal
conductance along axons through insulating myelin segments. Emerging evidence offers an alternative perspective on
neuron-oligodendrocyte coupling where oligodendrocytes provide metabolic and neurotrophic support to neurons through
cytoplasmic myelin channels and monocarboxylate transporters. This study uses iz vivo multi-photon microscopy to gain
insights into the dynamics of oligodendrocyte soma and myelin processes in response to chronic device implantation
injury over 4 weeks. We observe that implantation induces acute oligodendrocyte injury including initial deformation and
substantial myelinosome formation, an early sign of myelin injury. Over chronic implantation periods, myelin and
oligodendrocyte soma suffer severe degeneration proximal to the interface. Interestingly, wound healing attempts such as
oligodendrogenesis are initiated over time, however they are hampered by continued degeneration near the implant.
Nevertheless, this detailed characterization of oligodendrocyte spatiotemporal dynamics during microelectrode-induced
inflammation may provide insights for novel intervention targets to facilitate oligodendrogenesis, enhance the integration
of neural-electrode interfaces, and improve long-term functional performance.
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interfaces

Introduction

Brain implantable microelectrodes are advanced tools that capture bioelectrical signals in vivo and deliver electrical pulses
to local brain areas [1, 2]. These microelectrodes have great potential in exploring mechanisms underlying neurological
disorders such as Alzheimer’s disease [3, 4], multiple sclerosis [5], Parkinson’s disease [6-8], stroke [9-11], etc. In
addition, they show great promise in restoring sensory perception and/or functional motor control for disabled patients [1,
12, 13]. To further improve the potential of these invasive intracortical microelectrodes, it is necessary to preserve the
integrity of the tissue-clectrode interface over chronic implantation periods. This helps maintain reliable high-amplitude
neural recordings from healthy, normal-functioning neurons in close proximity to the microelectrode [14-16]. However,
current limitations in biocompatibility lead to a decline in long-term functional performance, making it challenging to
interpret recorded neural signals over long time periods and hinders the application of these devices [17-19]. Many novel
microelectrode designs aim to optimize single parameters such as size [20, 21], geometry [22, 23], softness [23-25],
material [26, 27], chemical surface modifications [28], and packaging [29] in order to minimize local neuroinflammation
and improve the efficacy of chronically implanted microelectrodes. However, functional recording performance and the
degree of tissue reaction heavily rely on interdependent interactions between distinct physical properties of the device and
different neuronal and non-neuronal cell types within the brain [17, 23]. Although novel microelectrode designs provide
promising directions for the next generation of bioelectronic interfaces, traditional silicon-based intracortical
microelectrodes remain one of the most used brain technologies. Revealing previously unexplored biological mechanisms
behind long-term failure of functional intracortical microelectrodes can provide insights on novel strategies to seamlessly
integrate brain tissue with microelectrodes.



Implantation of intracortical microelectrodes triggers a series of biological inflammatory cascades that disturbs the local
tissue microenvironment surrounding the probe surface [30, 31], an area which corresponds to where most
electrophysiological signals are collected [32-34]. The insertion of a stiff silicon probe inevitably ruptures the blood brain
barrier (BBB), leading to infiltration of blood cells and plasma protein into the brain tissue [31, 35, 36]. Microglia respond
immediately to these inflammatory proteins as well as the inserted probe by polarizing processes toward the
microelectrode within the first few minutes after implantation beforemigrating to the probe surface over hours to days
[37]. Astrocytes also become activated with hypertrophic morphology, migrating, and forming a layer of encapsulating
scar alongside with microglia [38]. Following implantation, there is a gradual loss of neurons near the electrode due to
oxidative stress [22], metabolic stress [35], and a high expression of pro-inflammatory cytokines [37, 39] and extracellular
glutamate [40]. It has been widely accepted that microglia and astrocytes are two major glia that participate in insertion-
induced neuroinflammation and glial scarring. Together, they contribute to the impairment of neuronal integrity and
ultimately result in the decline in functional recording performances. However, recent immunohistochemical data revealed
discrepancies between minimal microglia and astrocyte activation around the implant and poor electrophysiological
performance, indicating additional cellular players may be involved in neuroinflammation and the decline of functional
recording performances [35]. These findings suggest that the limitation of current therapeutic interventions may be due to
misplaced emphasis on microglia and/or astrocyte activation.

Oligodendrocytes maintain neuronal homeostasis through direct neurite contact with myelin sheaths [41].0ligodendrocyte
precursor cells (OPCs) act as a multi-potent reservoir for oligodendrocytes, astrocytes, and even neurons in response to
distinct signaling [31, 42, 43] and are highly involved in neuroinflammation at the neural-electrode interface [30].
Growing evidence supports the idea that these understudied glia, oligodendrocytes, their myelin processes, and
oligodendrocyte precursor cells, are key factors in chronic neurodegenerative diseases [41, 44-46]. These findings suggest
that chronic failure of intracortical microelectrodes may arise from dysfunction of overlooked cell types which, in turn,
negatively influence long-term neuronal functionality. While we have previously demonstrated that oligodendrocytes are
necessary for functional recording performance [47], the spatiotemporal dynamics of how oligodendrocytes and myelin
react to intracortical microelectrode implantation injury are still unknown. Filling this gap in knowledge is crucial for
developing a comprehensive understanding of the biological reactions occurring at the microelectrode interface and
elucidating appropriate targets and timing for key interventions.

Compared to other glia within the CNS, oligodendrocytes have more direct interaction with neuronal integrity and
functionality through large myelin-axon contact areas. A single oligodendrocyte can generate myelin sheaths over
multiple neuronal axons [48], allowing a wide coverage of lipid-rich myelination. It is commonly acknowledged that the
role of oligodendrocytes is to produce myelin sheaths for passive insulation around axons and modulate conduction
velocity of action potentials, enhancing the activity of the neural network. This may account for high myelination density
in white matter tracks; however, oligodendrocytes and myelin are also present within the cortical grey matter [41, 48]. In
addition to supporting conduction velocity, oligodendrocytes provide important metabolic support to nearby neurons [41,
48]. Neurons experience a heavy metabolic burden following electrical activity over long, distal axonal projections while
possessing limited energy storage capacity, which renders them highly vulnerable to inflammation during brain injury
and disease [49, 50]. More recent evidence has shown that oligodendrocytes provide neurotrophic and metabolic support
to neurons during neuronal and astrocytic signaling [51-53]. This is especially important considering neurons are
incapable of storing glucose as glycogen [54, 55]; instead they rely on oligodendrocytes as well as astrocytes to provide
supplemental energy during hypoxic conditions [56]. Oligodendrocytes can provide energy substrates, either produced
intracellularly or transported to oligodendrocytes from astrocytes via gap junctions, to local axons within myelin
internodes via monocarboxylate transporters (MCTs) [51, 57, 58]. Knockout models indicate that mutations in
oligodendrocyte specific proteins cause severe axonal degeneration independent of electrical conductance [59-61],
implying the metabolic support provided by oligodendrocytes is essential for energy homeostasis in neurons. Using
whisker stimulation, Hughes et al. showed that oligodendrocytes and myelin maintain strong correlation with the activity
levels of neuronal circuits within the cortex [62], reflecting the coincidence of oligodendrocyte and myelin dynamics
alongside neuronal energy demands. Therefore, revealing the fate of oligodendrocytes and myelin around the implant site
is important for understanding neuronal health and activity near implanted intracortical microelectrodes.

Oligodendrocytes and myelin function to facilitate signal transduction to axonal terminals as well as maintain local axonal
energy balance and structural integrity, which are susceptible targets in neurodegenerative diseases and brain injury [45,
49, 63]. For example, multiple sclerosis (MS) is a well-studied neurodegenerative disease characterized as continuous
damage exclusive to oligodendrocytes. The progression of MS results in demyelination and ultimately axonal death,



leading to paralysis and cognitive decline. This suggests that oligodendrocytes support functional myelin-axon coupling
and affect neuronal survival [64, 65]. Additionally, studies of ischemic stroke and traumatic brain injury suggest that
oligodendrocytes and myelin structures are highly susceptible to inflammatory environments including oxidative stress,
metabolic deprivation, and glutamate-induced excitotoxicity that can occur at the injury site, which correlates with severe
neuronal network dysfunction and behavioral outcomes [66]. Furthermore, we previously showed that global depletion of
cortical oligodendrocytes can severely impair the quality of recorded electrophysiological signals [47]. Interestingly, at
chronic timepoints, when oligodendrocytes within the microenvironment around the implant have degenerated,
electrophysiological signals declined to match the oligodendrocyte-depleted tissue despite having similar neuronal
densities [47]. This indicates that oligodendrocytes play a role in electrophysiological recording performance. Overall,
these studies demonstrate the importance of oligodendrocytes and myelin in neuronal health and highlight their potential
as a novel therapeutic target to mitigate neuronal degeneration around intracortical microelectrode interfaces. However,
the spatiotemporal dynamics of oligodendrocytes and myelin to intracortical microelectrode implantation have yet to be
understood.

Therefore, the goal of this study aims to answer when, where, and how oligodendrocytes and myelin respond to the
implanted microelectrode over a chronic 4-week implantation period and provide a real-time spatiotemporal
characterization for the design of future therapies and interventions. Understanding how oligodendrocytes and myelin are
injured at the electrode-tissue interface will provide novel perspectives on biological mechanisms underlying chronic
device performance failure and help identify novel strategies for improving tissue health and chronic device capabilities.
Here, we apply multi-photon microscopy in transgenic mice expressing fluorescent labels in oligodendrocytes and myelin
to characterize their integrity and health around chronically implanted microelectrodes i vivo, allowing dynamic
visualization of cellular activity at the electrode-tissue interface. We observed that oligodendrocytes and myelin undergo
morphological distortion during initial device insertion prior to the onset of myelin injury and the of myelin-associated
protrusions, called myelinosomes, with increasing accumulation at the device-tissue interface. We also observed patterns
of oligodendrocyte and myelin degeneration within the device interface region. Overall, implantation of intracortical
microelectrodes disrupts the integrity of myelin sheaths and leads to progressive degeneration of myelinating lineage
structures. However, oligodendrocytes also demonstrate an intrinsic property to regenerate and remyelinate, suggesting
that these cells have the potential to improve neuronal health and functional performance of implanted intracortical
microelectrodes over time.

2. Method

2.1 Surgical probe implantation

Transgenic mice expressing green fluorescent protein under the Cnp promoter (male, 25-30 g, n =5, Tg(Cnp-
EGFP*)1Qrlu/J, Jackson Laboratories; Bar Harbor, ME ) were used to track oligodendrocytes and myelin dynamics.
Four-shank 16-channel Michigan-style non-functional silicon microelectrodes (A4x4-3mm-100-703-CM16; NeuroNexus,
Ann Arbor, MI) were used for implantation. Two-photon implantation surgery and chronic window installation were
performed as previously published [31, 37, 40, 67]. Prior to surgery, animals were sedated using an intraperitoneal (IP)
injection of 75 mg/kg ketamine and 7 mg/kg xylazine. Then, mice were head-fixed in a stereotaxic frame and administered
oxygen. A heating pad was used to maintain body temperature. An initial incision was performed to remove skin and
connective tissue from the bone prior to applying Vetbond (3M, Saint Paul, MN) to the skull surface. Two holes were
drilled with a high-speed dental drill over both motor cortices for bone screw insertion. Bilateral craniotomies at a 3 mm
by 3 mm dimension were drilled over the visual cortex (1.5 mm anterior to lambda and 1 mm lateral from the midline) on
two hemispheres. During drilling, saline was periodically administrated over the skull surface to avoid thermal damage.
Microelectrode shanks were implanted at a 30° angle with an oil-hydraulic microdrive (MO-81, Naishige, Japan, 200
um/s) while avoiding large blood vessels visible on the brain surface. Microelectrodes were inserted 600 um into the
cortex up to a resting depth of 250 — 300 um below the pial surface (Layer I/III). For sealing, Kwik-sil (World Precision
Instruments, Sarasota County, FL) was filled into the craniotomy and secured with a glass coverslip followed by dental
cement. Finally, a dental cement well was built at the edge of both craniotomies to hold saline for imaging using a water-
immersive objective lens. All procedures and experimental protocols were approved by the University of Pittsburgh,
Division of Laboratory Animal Resources, and Institutional Animal Care and Use Committee in accordance with the
standards for humane animal care as set by the Animal Welfare Act and the National Institutes of Health Guide for the
Care and Use of Laboratory Animals.

2.2 Two photon imaging



Two-photon in vivo imaging was performed as published previously [31, 37, 40, 67]. Data collection was performed
using a two-photon laser scanning microscopy system which includes a scan head (Ultima IV, Bruker, Madison, WI), an
OPO laser (Insight DS+; Spectra-Physics, Menlo Park, CA) at a wavelength of 920 nm, non-descanned photomultiplier
tubes (Hamamatsu Photonics KK, Hamamatsu, Shizuoka, Japan), and a 16x, 0.8 numerical aperture water immersion
objective lens (Nikon Instruments, Melville, NY). Laser power was maintained at 20-40 mW during all imaging sessions
to prevent thermal tissue damage. Light isoflurane (1.0-1.5%) was administrated to each animal prior to imaging. Then,
animals were head-fixed within a stereotaxic frame and injected IP with sulforhodamine 101 (SR101) for vessel
visualization. Z-stacks taken at a resolution of 1024 x 1024 pixels (407.5 x 407.5 um in the x-y plane) every 2 um along
the microelectrode shanks were acquired in both ipsilateral and contralateral tissue. Frequency of imaging occurred at 1,
3,6,9, 12,24, 48, and 72h after implantation and then daily until day 14 and then weekly up to 28 days post-implantation.

2.3 Data analysis

Z-stacks acquired from CNP-EGFP transgenic mice were examined for changes in oligodendrocyte and myelin sheath
morphology. Since myelin is distributed within the x-y plane in superficial cortical layers (Layer I) and descends in the z-
direction into deeper cortex, quantifications of myelin and oligodendrocyte morphologies were mainly in Layer 1. In order
to minimize noise interference, each z-stack was first processed in ImageJ with background subtraction (rolling ball radius
= 10), 1-pixel 3D median filter, and de-speckle prior to morphological assessment.

2.3.1 Analysis of myelin distribution and oligodendrocyte shape

Myelin distribution was quantified as the orientation angle of individual myelin sheaths using a customized MATLAB
program. A previous study suggests that the mechanical strain on the surrounding brain tissue is mainly concentrated
within the first 25 um from the electrode surface [68]. Therefore, regions of interest (ROIs) at the electrode-tissue
interface were chosen as a 75 pm x 25 pm rectangle adjacent to the outmost microelectrode shank, while ROIs in
contralateral and distal tissue (> 250 um) were selected at the same size. This quantification method of myelin distribution
was previously described in [67]. Briefly, ROIs were processed with a morphological opening operation (‘imopen’ in
MATLAB) to remove noise as well as preserve myelin shape. Then, a 25-pixel long linear structuring element of 11
different angles (15—180° in increment of 15°) was used for identifying the orientation of targeted myelin segments within
the ROL. In order to avoid dual measurement (0° and 180°) within the horizontal direction, only 180° was included in the
linear structuring element. Each pixel above Otsu's intensity thresholding reported the angle which had the highest
morphological opening response in the linear structuring element. The orientation angles of myelin at interface, distal, and
contralateral ROIs were plotted as histograms and statistically compared using a Kolmogorov-Smirnov test (significance:
p<0.05).

Oligodendrocyte cell somas have a circular shape with diameters ranging from 10-20 pm under normal conditions. These
cells were manually outlined and morphologically fitted in ImagelJ. Taking into consideration the range of diameters and
sparse distribution of oligodendrocytes, ROIs within the interface for quantifying oligodendrocyte cell shape strain index
(CSSI) and cell elongation angle (CEA) were increased to 75 um x 50 pm. The calculation methods for fitting deformed
elliptical oligodendrocytes with major (b) and minor (a) axes are described in previous publications [67, 69]. CSSI was
calculated as extent of mechanical strain (AL) over the mean diameter of the cell body without strain (Ly) to describe the

level of shape deformation in Eq. (1):

AL (b—a)
€SSl = 7= g (1)

2
Greater CSSI values imply a more elliptic, strained cell body while smaller CSSI values represent a relatively circular

soma without strain. The mean CSSI was statistically compared with one-way ANOVA followed by Tukey post hoc. CEA
was defined as the angle between the major axes and the radial line from the cell center perpendicular to the implant
surface, implicating the strain direction of the cell body was altered from healthy conditions [69]. Oligodendrocytes in
tissue over 50 um away from the implant were also quantified for CEA as control. CEA of oligodendrocytes within 50 um
within interface and control ROIs (> 50 um) were plotted in box plots and statistically evaluated with an unequal variance
Welch'’s t-test (significance: p <0.001).

2.3.2 Myelinosome tracking analysis

Following z-stack filtering in ImageJ, myelinosomes were identified as swollen, spherical protrusions ranging in diameter
from 2-8 um. Myelinosomes were counted and measured in diameter in 75 pm x 25 um rectangular ROIs from the surface
of the implant up to 250 um away over 28 days as well as in contralateral ROIs for normalization. Myelinosomes near the
electrode-tissue interface were normalized to contralateral ROIs and were binned every 25 pm horizontally from probe



surface to 250 um away and statistically compared to the most distal bin (225-250 um) using two-way ANOVA followed
by Dunnett’s post hoc. Changes in normalized myelinosome density at the interface over time were visualized by a
restricted akima spline which goes through every data point with tighter turns. Two-way ANOVA followed by Dunnett’s
post hoc was performed to determine significant changes in normalized myelinosome densities compared to 28 days post-
insertion. Overall spatiotemporal patterns in normalized myelinosome density were determined using linear regression
with respect to distance away from the probe at each time point. Calculated regression slopes (Spatial Gradient) as well as
y-intercepts (Proximal Density) were reported over time and statistically compared with other time points using one-way
ANOVA followed by Tukey post hoc.

The diameter of a myelinosome is an important indicator of early myelin injury and dynamically changes over time.
Therefore, variation in the diameter of myelinosomes near the implanted probe over time was quantified. To determine the
effect of microelectrode implantation on myelinosome morphology, the diameter of myelinosomes at the electrode-tissue
interface were normalized to the mean diameter of myelinosomes within contralateral ROIs. Normalized myelinosome
diameters within the first 100 um were plotted as a function of time up to 28 days post-insertion by a restricted akima
spline. Two-way ANOVA followed by Bonferrroni-corrected t-tests were performed to test whether significance exists for
normalized myelinosome diameter between consecutive time points. The relationship of normalized myelinosome
diameter over time at each distinct spatial bin was measured using linear regression, which was statistically compared
with an unequal-variance Welch’s one-way ANOVA followed by Holm and Sidak’s post hoc between each time point.

To track individual myelinosome development over time and investigate possible incidences of demyelination,
myelinosomes (n# = 36) were individually traced within 100 um of the electrode-tissue interface over time until the point
of degeneration. The length of myelin sheath associated with a myelinosome protrusion was measured at both the initial
time point when the myelinosome was identified and end time point when the myelinosome eventually disappeared.
Myelinosome degeneration was classified into two categories: following demyelination, indicated by length of myelin at
the end point of myelinosome degeneration as less than the length compared to 1 hour post implantation, or
morphologically intact, with myelin length being equal between those two time points. A paired Student’s t-test was
performed to determine significance between the two classified states (demyelination and morphologically intact).

2.3.3 Myelin density assessment

Since imaging parameters used to acquire z-stacks during two-photon imaging differ between time points, intensity-based
analysis was not appropriate for myelin density quantification. Instead, myelin density was defined as the total length of
manually identified myelin sheaths within interface ROIs, while the total myelin length within the contralateral side was
used as control for normalization. The ROIs used for myelin density analysis were the same ROIs used for myelinosome
density quantification. Normalized myelin density was measured as a function of distance from the surface of the implant
and statistically compared by two-way ANOVA followed by Dunnett’s post hoc where normalized myelin density at 1h
post-insertion was used as the control. Changes in normalized myelin density with respect to time were modeled by fitting
a nonlinear third order polynomial curve and statistically tested for group-wise significance between binned distances
using likelihood ratio tests. 95% confident intervals for each nonlinear curve of normalized myelin density over distance
and time were calculated and plotted. Similar to spatiotemporal myelinosome quantification, normalized myelin density
was modeled by linear regression that reported regression slope (Myelin Spatial Gradient) as well as regression intercept
(Proximal Myelin Density). These two metrics were plotted over time and statistically compared by two-way ANOVA
with Tukey post hoc. In order to investigate temporal patterns between myelinosome formation and myelin density,
normalized myelinosome and myelin density at a radius of 100 pum away from the implant were represented as a
difference in percentage calculated by changes between two consecutive time points divided by the average value.
Positive differences in percentage indicates an increase in myelinosome/myelin density at the current time point relative to
previous one, while negative differences in percentage indicates a decrease in quantification metrics compared to the
previous time point. An index of zero indicates no obvious changes between two consecutive time points. One-way
ANOVA followed by Bonferroni corrected t-test comparisons were used to identify significant transitions in
myelinosomes/myelin density over time.

In addition, the ratio of the number of myelinosomes over the total myelin length within an ROI can be an indicator for
severity of myelin injury. The amount of myelinosomes and the total length of myelin processes used for ratio calculation
shared the same ROIs in radial bins from the probe surface up to 250 pm away from the implant. The
myelinosome/myelin ratio within contralateral ROIs for each time point was used as a normalization control. Changes in
ratio of myelinosome density over myelin density in bins and at different time points were compared with two-way
ANOVA followed by Dunnett’s test with 225-250 um distal bin and 28 days post-insertion as control, respectively. The



spatiotemporal patterns of myelinosome/myelin ratio was determined using linear regression as described above.
Coefficients were reported as spatial gradient (slope) and proximal ratio (y-intercept) on distance distribution and
statistically compared between consecutive time points using one-way ANOVA followed by Tukey post hoc.

2.3.4 Quantification of oligodendrocyte degeneration and regeneration

Oligodendrocytes were identified as solid, circular cell bodies with diameters of ~10-15 pm at each time point using
Imagel]. First, z-stacks between consecutive time points were aligned to each other as described previously [31], and the
spatial XY coordinates of oligodendrocytes on the implantation side were recorded with an ImageJ built-in feature
“Measure”. Oligodendrocytes were determined to be degenerated if the cell body that appeared in the same location in the
previous timepoint was no longer present in the same location in subsequent z-stacks. Newly differentiated
oligodendrocytes were defined as new soma that appeared at distinct XY coordinates within the current z-stack.
Degenerated oligodendrocytes as well as newly-appeared oligodendrocytes were binned every 50 um radially from the
implant, and t-tests corrected using Holm-Sidak’s method were performed to test the significance between degenerated
and newly-appeared oligodendrocytes at each bin In order to investigate the temporal dynamics of oligodendrocyte
density, the rate of change in overall oligodendrocyte density (percent/day) was calculated by the difference in
oligodendrocyte populations between two consecutive time points (current time point: tp2; previous time point: tpl)
divided by the total oligodendrocyte quantity from the previous time point (tp1), eq(2):
#OLtpy — #0Lpq

= At (2
#0L¢pq ) )

Meanwhile, the cumulative rate of change in oligodendrocyte density was defined as the total amount of specific
oligodendrocyte population i between the current time point and 1h post-implantation divided by the total amount of
oligodendrocytes at 1h post implantation, while i could denote either degenerated or newly-appeared oligodendrocytes:

#OL —#0Lig,,
3

rate of changes in overall OL density (% /day) = <

icurrent tp
#0Lig 1,
i = degenerated, newly generated, perivascular, or non — perivascular
The temporal rates of change of oligodendrocyte density including rate of change in overall density, cumulative
degeneration, and cumulative newly-appeared population within 250 um from the probe were quantified and compared
between consecutive time points with one-way ANOVA followed by Bonferroni-corrected t-tests.

cumulative percentage of changes in OL; density (%) =

The morphological subtype of oligodendrocytes that reside along blood vessels, called perivascular oligodendrocytes,
were also characterized. Perivascular oligodendrocytes were identified and measured by the distance between the edge of
their cell bodies and the wall of nearest blood vessels (edge-to-edge distance, um) within the z-stack. The histogram of
edge-to-edge distances was made using a bin size of 5 um, where the minimal value of edge to edge distance was
determined as 0 um when the measurement was less than the minimum pixel resolution (0.4 pm/ pixel). Perivascular
oligodendrocytes were defined as the oligodendrocytes < 0.4 um/pixel edge-to-edge distance with the closet blood vessel
and divided into three categories based on the surrounding vessel subtypes: capillaries, veins, and arteries. Then, in order
to figure out the effect of implantation injury on perivascular oligodendrocytes, degenerated oligodendrocytes tracked
over 28 days post-implantation relative to 1h control were separated based on the edge-to-edge distance to vasculature
into two groups, perivascular and non-perivascular oligodendrocytes (paired t-test). In addition, the rate of change in
perivascular and non-perivascular oligodendrocytes over 4 weeks at interface (<250 um) and distal (> 250 um) ROIs was
calculated in eq (3) and statistically compared with two-way ANOVA followed by Tukey post hoc (significance:
p<0.05).

3. Results

Lightly anesthetized CNP-EGFP transgenic mice were used to study the spatiotemporal dynamics of oligodendrocytes and
myelin in response to silicon microelectrode implantation over a chronic 4-week period (Fig. 1A). Enhanced green
fluorescent protein (EGFP) anchored within the membrane was genetically driven by the 2',3'-cyclic nucleotide 3'
phosphodiesterase (Crnp) promoter [70], which enables visualization of brain oligodendroglia and myelin processes
chronically through sealed craniotomy windows (Fig. 1B). This allowed myelinated fibers to be observed in Layer I-1II
using two-photon microscopy [62, 71]. Cortical Layer I contains a sufficient amount of oligodendrocytes and myelin [62].
Therefore, observations of oligodendrocytes and myelin dynamics around implanted microelectrodes using two-photon
microscopy were focused on Layer I. Probes were implanted at a 30° angle into the visual cortex while avoiding
penetration through large vasculature during insertion (Fig. 1C), as previously described [31, 67]. Regions of interest
(ROIs) were defined within the first 250 um adjacent to the outmost shank, whereas distal ROIs were defined as > 250 um



away from the probe (Fig. 1D). A contralateral craniotomy window of the same dimension was also performed and used
as control to normalize damage associated with the craniotomy. Thus, fluorescent responses within the cranial window
reflects oligodendrocyte responses to implantation injury as well as the foreign body response associated with the device
over 28 days in the visual cortex, since these two injury components cannot be decoupled via chronic electrophysiology.
Z-stacks were acquired during each imaging session in each animal without surface bleeding or bone regrowth under the
craniotomy window over the entire 4-week period. SR101 was intraperitoneally (IP) injected prior to each imaging
session to visualize the vasculature, which provided landmarks for oligodendrocyte and myelin due to subtle tissue
volume variation that may occur during chronic implantation, such as tissue swelling and scar formation.

3.1. Oligodendrocytes and myelin processes suffer mechanical distortion during microelectrode
implantation

The mismatch in mechanical properties between stiff silicon probes and soft, flexible brain tissue leads to mechanical
strain in the tissue around the microelectrode implant. This strain can contribute to local neurodegeneration and the loss of
functional device performances. To determine the extent of mechanical strain on oligodendrocytes and myelin processes
at the tissue-electrode interface, strain-induced deformation of oligodendrocyte soma and myelin adjacent to the implant
were compared to distal and contralateral tissue regions.

Morphological changes to myelin processes were quantified as the distribution of myelin angle with respect to the probe
surface [67]. These linear myelin elements had angles ranging from 15° — 180° and were grouped in 15° intervals. At 1h
immediately after microelectrode implantation, myelin processes near the interface were aligned parallel with the implant,
while myelin processes in distal and contralateral ROIs were aligned in random directions (Fig. 2A). The Kolmogorov-
Smirnov test demonstrated statistical group-wise significance in myelin angle distribution between interface and distal (>
250 pum) areas (p < 0.05) and between interface and contralateral regions (p < 0.05; Fig. 2B), demonstrating that
implantation altered local myelin orientation due to mechanical strain at the electrode-tissue interface. This observation
was consistent with mechanical distortion in neuronal soma and neurites in response to the initial microelectrode
implantation [67], which leads to abnormal calcium activity close to the implant and a sequential loss in integrity of
neuronal compartments [72] and signal strength recorded by functional microelectrode devices [68].

The extent of strain-induced oligodendrocyte soma deformation was measured by two quantitative metrics, Cell Shape
Strain Index (CSSI) and Cell Elongation Angle (CEA) (Fig. 2C). CSSI quantified the group-wise level differences in
soma shape from a perfect circle, which measures the population effect of mechanical strain on oligodendrocytes after
probe implantation. At 1h post-implantation, oligodendrocytes within 50 um of the probe had CSSI values of 0.5299 +
0.1509, which was significantly higher than CSSI of oligodendrocytes in distal and contralateral regions, 0.1843 = 0.1121
and 0.1152 £ 0.1001, respectively (Fig. 2D; one-way ANOVA with Tukey post hoc, p < 0.0001). This suggests that
implantation of microelectrodes in the brain deforms local oligodendrocyte somas into elliptic shapes.

To determine the orientation of this oligodendrocyte deformation, CEA was measured to describe the angle of the longer
axis of the fitted ellipses on the soma relative to the radial line normal to the electrode shank. Higher CEA indicates that
the mechanical strain on the soma is due to the strain profile generated by the accommodation of probe volume.
Contralateral ROIs were excluded from the CEA analysis since contralateral regions do not have an implant. Due to the
sparse distribution of oligodendrocytes in Layer I and the fact that mechanical force from an implanted probe was limited
to the first 50 um from the probe surface [35, 68], CEA controls were chosen as oligodendrocytes >50 pm away the
implant surface and had an angle of 53.59° £ 19.43°. These oligodendrocytes were significantly different from
oligodendrocytes within the first 50 um, which had an angle of 74.00° £ 8.775° (Fig. 2E; unequal variance Welch’s t-test,
p <0.0001). This result implies that deformation of oligodendrocytes occurs along the direction parallel to shear strain
introduced by the implanted microelectrode. As a result, oligodendrocyte morphology and myelin distribution undergo
changes in alignment within the electrode-tissue interface following device implantation.

3.2. Dynamic patterns of myelinosomes are indicative of early myelin injury following microelectrode
implantation

Myelinosomes appeared as bleb-like protrusions on myelin sheaths following microelectrode implantation (Figure 3A.).
They have been previously shown to exist in neurodegenerative disease and injury models [35, 67, 73]. Growing
evidences suggest that the formation of myelinosomes could be caused by either out-folding of focal myelin proteins [73,
74] or axonal blebs underneath the sheath [67, 75, 76]. Qualitatively, there was high level of myelinosomes near the brain-



electrode interface 1h following implantation. These myelinosome structures are hard to study in traditional
immunohistochemical staining since they shrink and disappear in post-mortem tissue [35]. These myelinosomes were also
observed in Layer I of the contralateral tissue, albeit at substantially lower levels, and most likely due to craniotomy-
related injury. Therefore, to examine the effect of chronic implantation injury on myelinosome formation in Layer I over
time, contralateral myelinosome density was used as a control to normalize craniotomy injury.

Acutely, there were high densities of myelinosomes near the implanted probe, but this greatly decreased over time and
remained low for the duration of the 28-day study (Figure 3B). This density was significantly elevated 0-50 um from the
probe in the first 3 hr post-implantation (p<0.0001). By 12 hrs, normalized myelinosome density propagated steadily up
to 100 um away and maintained significantly high levels 0 — 100 um until 72 hr. Myelinosome density then dropped to
control levels by d7 and it remained steady until d28 post-implantation, where the control group of craniotomy window in
contralateral hemisphere represented myelinosome density within the most distant bin 225 — 250 um from the probe
surface (Figure 3C; two-way ANOV A with Dunnett’s post hoc, p < 0.01). Distinct temporal patterns of normalized
myelinosome density showed that the peak of myelinosome density within 50 pm at 1hr and Shr post-insertion exceeded
densities at 72 hr. This contrasts with normalized myelinosome density between 50 — 100 um away from the probe, which
gradually increased over time until 72 hr post insertion (Fig. 3D). To characterize the overall spatiotemporal pattern of
normalized myelinosome distribution, linear regression was applied to reveal a general trend of myelinosome formation
with distance from the probe surface at each time point (Fig. 3E). Regression coefficients, slopes, and y-intercepts were
represented as spatial gradient and proximal density, respectively, and plotted as a time series. There was significant,
biphasic difference in normalized myelinosome distribution from 1hr to 28 days post-insertion. Two significant transitions
in spatial gradient and proximal density occurred at 12hr and 72hr post-insertion. This indicates that there were high levels
of myelinosomes near the implant during the initial 12hr following insertion, and then it reduced to moderate levels, but
spread further away from the probe between 12hr to 72hr. Lastly, myelinosomes decreased over 3-14 days post insertion.

When tracking individual myelinosomes over time, we observed that the diameter was dynamically changing (Fig 4A).
Myelinosomes first appeared as small, highly fluorescent bleb-like structures on myelin processes near the surface of the
microelectrode. The diameter of myelinosomes steadily increased from 3h to 12h following implantation injury.
Eventually, myelinosomes began to shrink and flatten, which coincided with a decrease in length of the associated myelin
sheath, implying that myelinosome formation can precede degeneration of adjacent myelin processes following
microelectrode implantation. To investigate changes in myelinosome diameter over both acute and chronic timescales,
normalized myelinosome diameter within 100 um from the implant were quantified over time. A significant peak in
myelinosome diameter within 25 pm from the implant occurred at 3 hr post-insertion, followed by a delayed decrease at
24 h post-insertion (Figure 4B; two-way ANOVA with Bonferroni-corrected t tests, p < 0.05). Additionally, there was no
significant difference in regression slope coefficients of normalized myelinosome diameter across time, which remained
consistent around contralateral levels (Fig. 4C).

While myelinosomes eventually disappeared, it is interesting to note the relationship between myelinosome disappearance
and myelin degeneration (Fig. 4A, 4D). Qualitative images show that the loss of individual myelinosomes led to local
degeneration of associated myelin sheaths, observed as a decreased in length of the myelin segment. However, some
myelinosomes disappeared without myelin sheath degeneration, suggesting that early myelin injury from myelinosomes
can be repaired under the right conditions. Examining the probability of demyelination in respond to individual
myelinosome loss showed that the attached myelin processes were prone to degenerate (69.05 + 11.13%), which was
significantly higher than surviving myelin sheaths (30.95 + 11.13%, paired t-test, p < 0.01). Together, these results
suggest that myelinosomes are early indicators of myelin injury in response to microelectrode implantation and tend to
induce demyelination within the surrounding cortical tissue.

3.3 Progressive demyelination at the electrode-tissue interface over time

Myelin processes provide electrical modulation on signal transmission and metabolic support through direct contacts with
neuronal compartments. Evidence has shown that induced systemic demyelination can result in deficits in neuronal firing
properties, synaptic oscillations, and laminar communication, which are recorded by microelectrodes [47], emphasizing
the necessity to understand how implantation injury affects surrounding myelination. Previous, studies using postmortem
immunohistochemistry demonstrated that demyelination occurs at the microelectrode interface [77, 78]. However,
immunohistochemical staining provides a snapshot only at one time point and prevents the ability to track dynamic
changes in the tissue over time [79]. Here, we used two-photon microscopy to track the time course of demyelination and
myelin distribution as a measurement of total myelin length normalized against the contralateral hemisphere (Fig. 5A).



The heatmap of normalized myelin density near the probe over 28 days demonstrated that demyelination progressed
mainly within 100 pm from the chronic implant (Fig. 5B). Temporal patterns in normalized myelin density over chronic
periods further confirmed significant reductions in normalized myelin density within 25 pm bins from 72h to day 28 post-
insertion (Fig. 5C; two-way ANOVA with Dunnett’s post hoc with 1h normalized myelin density as control group, p <
0.05). Spatial patterns in normalized myelin density within the first 100 um showed significant differences between each
25 um bin, indicating demyelination propagates starting at the interface but progressed to distal cortical tissue (Fig. 5D;
plotted as mean with 95% confidence intervals; likelihood ratio test for group-wise comparisons).

Similarly, general spatiotemporal patterns in normalized myelin density was quantified using the coefficients of linear
regression on distance, spatial gradient (slope) and proximal density (Y-intercept) over time. The time course of these
coefficients revealed the remarkable transition in myelin distribution from contralateral levels. These results suggest that
myelin density distributed evenly during the first 48 h post-insertion but led to proximal loss at chronic day 28. (Fig. 5SE).
Significant changes in spatial gradient and proximal myelin density accelerated at 72 hr and potentiated 14 days post-
insertion (one-way ANOV A with Tukey post hoc, p <0.05). To investigate temporal correlations between myelinosome
density and demyelination during implantation, the time course of percent change in myelinosome and myelin density
between two consecutive time points was plotted over time (Fig. 5F; one-way ANOVA with Turkey post hoc, p < 0.05).
Myelinosomes rapidly increased and then decreased, which coincided with significant demyelination, implying there is a
temporal order between myelinosome transients and myelin loss.

Next, to determine the severity of early morphological myelin injury following implantation, the number of myelinosomes
on each associated myelin sheath was quantified as an index of myelinosome/myelin ratio. Generally, the distribution
pattern of the myelinosome/myelin ratio is similar to myelinosomes, with a high ratio near the electrode-tissue interface
during acute implantation while low during chronic implantation (Fig. 6A). Spatial patterns of normalized
myelinosome/myelin ratios demonstrated significantly high levels within 50 pm from the implant at day 1 and then
increased in distance up to 100 um until day 5 post-insertion (Fig. 6B; two-way ANOV A with Dunnett’s post hoc; control
group: 225-250 um bin). Interestingly, there was a significant increase in normalized myelinosome/myelin ratio at 0-50
um compared to 225-250 um bins at day 10, suggesting that early myelin injury is a precursory event to demyelination
that occurs by day 10. Low levels of myelinosomes in Fig. 3 and progressive loss of myelin density at day 14 in Fig. 5
may further suggest that the relatively large number of myelinosomes at day 10 is a critical time point of early myelin
injury. The temporal patterns of normalized myelinosome/myelin ratios demonstrated a decrease in ratio over time (Fig.
6C; two-way ANOVA with Dunnett’s test, control group: d28). The ratio of spatial gradient and proximal density as
linear regression slope and Y -intercept, respectively, showed that a significant transition in spatial distribution occurred
between day 7 and 14 post-insertion (Fig. 6D; one-way ANOV A with Turkey post hoc). In general, myelinosome
formation is an indicator of early myelin injury prior demyelination, which primarily increases at 72h post-insertion and
progresses with time near the electrode-tissue interface.

3.4 Oligodendrocyte soma dynamics near the implant during chronic implantation

Oligodendrocyte somas appeared deformed in cortical tissue next to implanted microelectrodes (Fig. 7A). Disappearance
of fluorescent-labeled oligodendrocyte soma between time points was an indication of oligodendrocyte soma degeneration
following implantation. However, oligodendrocyte precursor cells (OPCs) exist as a reservoir for oligodendrocytes after
demyelination injury. While OPCs do not express the Cnp promoter and are not fluorescently labeled, differentiation from
OPCs into mature oligodendrocytes can be identified as an increase in fluorescence intensity over time. Therefore,
oligodendrogenesis at the tissue-clectrode interface could be identified using vascular landmarks and other pre-existing
oligodendrocytes (Fig. 7B). These observations indicate that the oligodendrocyte population responds dynamically
through degeneration and regeneration around the implanted probe. To examine how implantation injury perturbs the
balance of oligodendrocyte turnover, dynamic oligodendrocyte populations were divided into degenerated or newly
differentiated subgroups binned according to distance away from the probe. Statistically significant differences between
degenerated and newly differentiated oligodendrocytes indicated a high loss of oligodendrocyte soma and inhibition of
regeneration within 50 um from the implant (Fig. 7C; unpaired multiple t test, p < 0.0005). A significant drop in the rate
of change in overall oligodendrocyte density per day suggested that 72h post-insertion is a temporal landmark for
oligodendrocyte loss in response to implantation injury (Fig. 7D; one-way ANOV A with Bonferroni corrected t-test
comparisons, p < 0.0001). The cumulative percentage of changes in oligodendrocyte density relative to 1h post-insertion
also confirmed this significant increase in oligodendrocyte degeneration at 72h (Fig. 7E, one-way ANOV A with
Bonferroni corrected t post hoc, p < 0.05). While degeneration in oligodendrocytes primarily occurred within 72h, there
was an increasing trend in oligodendrogenesis during chronic time periods. In order to identify if damage induced by



microelectrode implantation is initiated along myelin processes or oligodendrocyte somas, temporal patterns were
quantified as the rate of change between consecutive time points (Fig. 7F). Interestingly, the results showed a
convergence of demyelination and oligodendrocyte loss at 72h post-insertion, implying simultaneous degeneration of
oligodendrocyte structures, both soma and myelin processes, during the acute inflammatory phase following
microelectrode implantation.

Interestingly, we observed a morphologically distinct subtype of oligodendrocytes, referred to here as perivascular
oligodendrocytes, located distinctly around blood vessels (Fig. 8 A). These perivascular oligodendrocytes have been
shown to be essential for maintaining vascular integrity and regulating blood flow in order to support axonal activity [80,
81]. Deficits in perivascular oligodendrocytes result in neuropathology related to blood brain barrier dysfunction and
reduction of metabolic rate [80, 81]. We determined that 34.37+12.87% of identified oligodendrocytes in our images were
classified as this perivascular subtype with an inter-edge distance (between cell soma and the nearest blood vessel) less
than the minimal pixel resolution (0.4 um/pixel). Moreover, 54.99+8.53% of these perivascular oligodendrocytes were
located on capillaries (Fig. 8B-C). Figure 8D is a time-series example of a perivascular oligodendrocyte near the
electrode-tissue interface gradually losing fluorescent intensity, implying oligodendrocyte degenerating. Compared to the
total oligodendrocyte population within the imaged tissue volume, perivascular oligodendrocytes had an increased
susceptibility to degenerate compared to non-perivascular oligodendrocytes near the implant (Fig. 8E). Implantation
injury triggered a significant increase in perivascular oligodendrocyte degeneration within 250 pm away from the probe
compared to distal control regions (> 250 um), implying perivascular oligodendrocytes are more vulnerable to
implantation-induced damage (Fig. 8F). Additionally, newly differentiated perivascular oligodendrocytes were observed
to subsequently myelinate axons, indicating a success in regeneration from OPC to mature myelinating oligodendrocyte at
the electrode interface (Fig. 8@G). However, we also observed instances of oligodendrogenesis followed by subsequent
degeneration without myelin sheath formation (Fig. 8H).

4. Discussion

The current challenge impeding wide clinical application of intracortical microelectrodes is the gradual loss of detectable
brain signals over time. Specific depletion of oligodendrocytes and myelin, which modulate signal transmission and
facilitate metabolic support, resulted in reduced functional recording performances. Given that the optimal recording
radius of each contact site on a microelectrode shank is approximately 50-140 um from the electrode [82], it is important
to characterize the spatial and temporal dynamics of oligodendrocyte and myelin activity within this radius following
implantation of a microelectrode array. Two-photon microscopy enables real-time mapping of oligodendrocyte activity
proximal to implanted microelectrodes compared to traditional modalities such as immunohistochemical staining and
electrophysiology. By using two-photon microscopy within a CNP-EGFP transgenic mouse model, we observed
morphological signs of acute injury in myelin, progressive demyelination, oligodendrocyte impairment, as well as
potential wound healing and regeneration around the intracortical neural electrode over a chronic 4-week implantation
period. Given the significance of myelin within neural circuits [47], a comprehensive spatiotemporal mapping of
oligodendrocyte and myelin dynamics can uncover novel insights on the chronic decline of functional
electrophysiological performance. Furthermore, this study highlights potentially novel targets for intervention focused on
mitigating damage to oligodendrocyte structures in order to improve long-term functional recording.

4.1 Structural dynamics of oligodendrocytes during acute injury (0-12h following insertion)

Traditional linear intracortical microelectrode arrays are made of stiff silicon materials compared to soft brain tissue
which results in local mechanical tissue distortion following insertion [68, 83]. Penetration of stiff microelectrodes also
rupture the blood brain barrier [83], elicit abnormal patterns of neuronal activity [67], and trigger immediate microglial
activation during initial insertion [37]. These biological responses, which occur within 12h after insertion, are
characterized as an acute insertion injury that can contribute to neuroinflammation and recording degradation. In this
study, we determined that insertion injury also negatively affects oligodendrocyte lineage structures with morphological
changes at the tissue-electrode interface over the acute time periods.

Immediately following insertion, myelin and oligodendrocyte somas become strained (Fig 2B, 2D), with the angle of
strain oriented along the direction of the probe (Fig 2B, 2E). Myelinosomes, protruding blebs on myelin sheaths, appear
immediately near the implanted probe (Fig 3A). Local myelin outfoldings, which result in myelinosome formation, were
first observed in animals with experimental autoimmune encephalomyelitis (EAE), a multiple sclerosis model [73].
Blebbing structures were also recently observed in a CNP-EGFP animal in response to brain injury during 1h and 3h
following acute implantation [35]. Interestingly, neurite blebs following microelectrode implantation were also reported
[67], which possibly contribute to this swollen morphology in ensheathing myelin. However, myelinosomes discussed in



this paper are local bulb-like structures on the surface of myelin sheaths in CNP-EGFP mice, which does not distinguish
blebbing from myelin or the underlying neurites.

Myelin orientations suggest that mechanical strain may lead to greater levels of myelinosome formation, indicating that
the mechanical force from insertion is associated with the severity of myelin injury. These myelinosomes have been
characterized as an early marker of morphological injury in myelin following similar brain injuries [35] and in
neurodegenerative disease [73]. The rate of myelinosome formation and size of myelinosomes are indicative of the degree
of myelin injury. Figure 3C and 4B suggest that insertion causes considerable myelin injury at the electrode-tissue
interface and that myelin injury is more severe with increasing proximity to the implant. However, myelin processes wrap
around axons and the GFP+ fluorescence only labels the myelin membrane. Therefore, a limitation of two-photon
observation of the CNP-EGFP transgenic model is the inability to distinguish whether the observed protrusion originated
either from myelin membrane dilation or underlying axonal blebs. In previous publications, axonal blebs were also
observed in vivo as a sign of early axonal damage in response to microelectrode implantation injury [67]. Future studies
should address this by developing transgenic models that label both myelin sheathes and underlying axons to
simultaneously track axonal and myelin blebs in response to chronic implantation injury.

While substantial formation of myelinosomes represented acute structural injury on the surrounding myelin, the shape of
oligodendrocyte somas was preserved following initial deformation at the tissue-electrode interface. However, even if
oligodendrocyte somas did not change shape, it does not exclude the possibility that their cellular homeostasis may be
disrupted. This could be due to metabolic deficiency [84], disruption in ion balance [85], or apoptotic signaling [30]
within a toxic neuroinflammatory environment. Taken together, mechanically-strained myelin and oligodendrocytes as
well as appearance of myelinosomes are representations of acute tissue injury that may decrease the biocompatibility and
recording performance of implanted microelectrodes.

4.2 Myelin and oligodendrocyte damage during acute inflammation (12-72h following insertion)

During the acute inflammation phase within the tissue-electrode interface, activated microglia cover the implant surface
[31], reactive astrocytes start to encapsulate via an outer glial layer [30], and vascular damage occurs [30]. While these
biological responses persist following the initial implantation, electrophysiology recording metrics, especially single-unit
(SU) amplitudes, SU signal-to-noise ratios (SNR), and multi-unit (MU) firing rates are shown to decrease dramatically 3
days post-insertion [16, 47]. While formation of an encapsulation layer by activated microglia and reactive astrocytes
could increase the resistance to signal transmission and contribute to impaired signal quality, injury of oligodendrocytes
that are responsible for modulating neuronal signal conduction velocities and metabolic support are likely to be associated
with declining device performances [47].

The distribution of myelinosomes surrounding the probe demonstrate a distinct spatial pattern during the acute
inflammation period relative to the initial insertion injury (Fig. 3E). Although the level of myelinosomes near the probe
during acute inflammation is lower relative to the initial 12h injury (Fig 3D), myelinosome formation increases over
distances up to the effective recording radius for individual contact sites (50-140 um) (Fig 3C). This level of myelinosome
formation is associated with the extent of myelin sheaths experiencing myelinosome injury (Fig 6B). Together, this
increased range of myelinosome distribution during acute inflammation implies that inflammatory cascades during
implantation injury propagates and expands the area of myelin injury, which is likely due to homeostatic dysfunctions
caused by the initial mechanical trauma [86], a high gradient of proinflammatory cytokines and chemokines [39], and
elevated phagocytosis by activated glia that have shown to be highly aggregated around the probe by 72h post-insertion
[31].

Individual myelinosomes can progress over time and, in turn, lead to myelin loss (Fig 4A). A majority of myelinosomes
formed at the tissue-electrode interface inevitably lead to a corresponding loss in myelin (Fig 4E). This implies that
myelin suffering greater morphological damage, as indicated by myelinosomes, are more likely to experience sequential
demyelination. Activated microglia and macrophage engulfment has been suggested to mediate myelinosome
degeneration as their processes are shown to be in close apposition to myelinosomes [73]. Additionally, large amounts of
activated immune cells have been shown to aggregate around the implant during acute inflammation [31], which may
explain the greater proportion of myelinosome degeneration followed by myelin loss over greater distances from the
implanted probe. Rapid increases in myelinosome density precede demyelination and a substantial amount of
myelinosomes result in a significant myelin loss at 72h post insertion (Fig 5F). This further supports the idea that
myelinosome formation close to the probe may be an early indicator of severe myelin degeneration.



A noticeable loss of myelin within the first 50 um from the electrode and a decrease in oligodendrocyte soma occurs 3
days post-implantation (Fig. 5C, 5E, 7D). Additionally, the loss of oligodendrocyte soma population is associated with a
substantial loss in pre-existing oligodendrocytes as well as minimal oligodendrogenersis from oligodendrocyte progenitor
cells (Fig 7E). Overall, implantation of intracortical microelectrodes leads to simultaneous degradation of
oligodendrocytes and myelin processes at 3 days post-insertion along with increased microglia coverage, astrocyte
reactivity, and elevated vessel leakage, suggesting increased cellular and tissue dysfunction near the implanted
microelectrode.

Myelin is essential for the transmission of electrical signals along axons and supporting axonal health. We have
previously shown that the conditional depletion of oligodendrocytes and myelin can reduce functional recording
capability [47]. In this study, we noticed that the initial demyelination and bulk oligodendrocyte loss that occurs at 3 days
post-insertion can be correlated temporally with the pattern of decline in recording signal quality previously observed [16,
47]. This suggests that a loss in oligodendrocyte cells and their structural components within the tissue-electrode interface
is associated with the loss of functional recording performance.

4.3 Progressive demyelination during early chronic inflammation (3-14 days)

A progressive decrease in biocompatibility and functional recording performance occurs during this early chronic
inflammatory period. A prominent increase in reactive astrocytes encapsulating the probe coincides with significantly
decreased survival of nearby neurons [30]. Single unit activity (yield, SNR, amplitude), multi-unit activity (stimuli-
evoked MU firing rate), and laminar communication (inter- and intra- layer coherence) are substantially decreased up to
14 days post-insertion [16, 47]. Our results demonstrate that the observed pattern of oligodendrocyte degeneration can
complement our current understanding of decreased biocompatibility during this implantation period and suggests a
potential association with recording performance failure.

Myelinosome injury becomes steady during the 3-14 day inflammation period. Low myelinosome density (Fig 3C, 3E) at
72 hr matches the time when microglia have substantially covered the implant surface [31]. However, we notice that
myelinosome densities proximal to the implant slightly increase (Fig 3C) followed by a second peak prior to
demyelination at 7 days (Fig SF). This is likely an early sign of progressive demyelination within the tissue-electrode
interface. The number of myelinosomes within individual myelin further confirms that myelinosome-induced myelin
injury evokes a similar pattern of demyelination (Fig 6B).

While myelinosome activity is modestly present early during this chronic inflammation period, prominent demyelination
spreads both spatially and later progressively near the probe. Demyelination may lead to deficits in signal conduction and
myelin-axon metabolic coupling, which may account for the degradation in recording performances including reduced
neuronal firing and laminar connectivity early during this chronic inflammatory period. Additionally, myelin loss is
persistent over time near the implant (Fig 5E) and coincides with substantial decline in electrophysiological metrics.
Interestingly, cortical tissue closer to the probe experiences faster rates of demyelination (Fig 5D). Remarkably, myelin
vulnerability to the neuroinflammatory environment near the implant matches the time course of demyelination and
neurological dysfunction at 7 and 14 days following stroke [87], suggesting common temporal patterns of inflammatory
cascades contributing to decreased myelin integrity and impaired neural circuit function.

Although oligodendrocyte loss early during the chronic implantation period is not prominent, a prior study reported that a
significantly large proportion of oligodendrocytes near the implant suffer from increased apoptosis [30]. This indicates
that oligodendrocytes may experience a disruption in homeostatic balance within a neuroinflammatory environment and
potentially cannot execute normal cellular functions even though their somas are not degenerated. Taken together,
persistent and elevated neuroinflammatory responses around the implant exacerbate damage to myelin and
oligodendrocyte integrity during 3 to 14 days post insertion. This likely negatively impacts the stability of axonal signal
propagation since myelination prevents rapid decay of action potentials during transmission. Therefore, a loss in
electrophysiological signals is probably a consequence of myelin damage, critical for signal stability, and gliosis, critical
for signal sensitivity.

4.4 Degeneration and wound healing of oligodendrocyte population during chronic immune response (14-28 days)
After 2 weeks of implantation, the glial scar becomes compact and the intensity of microglia and astrocyte activity
decreases [88]. Therefore, biological reactions around the implant gradually switch from insertion-induced inflammation
to a chronic immune response that is considered to represent injury stabilization following immune glia activity [88].
However, recent evidence suggests additional contributors are involved during this period, including degeneration of the



neurovascular unit, significant bleeding, and increased neuronal apoptosis [30]. Here, we notice there is persistent myelin
loss up to 100 pm away from the probe (Fig 5C). However, previous electrophysiology recordings in mice showed
functional recovery at 28 days post-insertion, with an increase in neuronal firing [16, 47]. This paradoxicality can
potentially be explained by the removal of myelin debris, which acts as an inhibitor of axonal regeneration, and would be
beneficial for functional tissue recovery as previously suggested [89, 90]. We have shown that there is a prominent
decrease in functional recording performance at 6 weeks following insertion and demonstrated electrophysiological
metrics that are comparable to a myelin-depleted model [47]. In turn, this could explain why, across all neurotechnologies,
it is challenging to record single-units from hippocampal CA1 beyond 4-6 weeks after chronic implantation, which
requires implantation through the callosum cassette, the white matter tracks that project to CA1 neurons [16, 47, 68, 91-
93]. Therefore, preparation of in vivo oligodendrocyte and myelin observation for more than 4 weeks may help to
determine the ultimate fate of myelination, either degeneration or repair, following brain implantation injury.

Chronic microelectrode implantation results in persistent degeneration of pre-existing oligodendrocyte soma near the
implant (Fig 7C, 7E). Remarkably, this region corresponds to the region of tissue that experiences mechanical stress,
which implies that mechanically strained oligodendrocyte somas suffer from impaired integrity and, in turn, have a
diminished ability to resist inflammatory injury. Specifically, we observe a subtype of oligodendrocytes that are in close
juxtaposition to blood vessels (Fig. 8 A, 8B). This population of perivascular oligodendrocytes have been suggested to
facilitate oligodendrocyte-endothelial interactions that maintain individual cellular functions and promote angiogenesis
and oligodendrogenesis through molecular mediators such as brain-derived neurotrophic factor (BDNF), vascular
endothelial growth factor (VEGF), and adrenomedullin (AM) [81, 94]. Dysfunction or degeneration of perivascular
oligodendrocytes has been associated with cognitive impairment in schizophrenia [80]. Degeneration of perivascular
oligodendrocytes were observed alongside loss of vasculature close to the implant, which suggests that damage to
perivascular oligodendrocytes at the tissue-electrode interface is associated with a loss of capillary perfusion. Implantation
leads to significant damage within perivascular soma (Fig 8E, 8F), which in turn may impair capillary integrity. Previous
evidence supports this hypothesis by demonstrating substantial IgG leakage and diminished vascular structures near the
implant at 28 days post-insertion [30].

Formation of oligodendrogenesis with extending myelin processes suggests a successful differentiation of precursor cells
into mature myelinating oligodendrocyte at the tissue-electrode interface (Fig 7B). Previous studies have shown that
oligodendrocyte precursor cells (OPCs) can receive neuronal signaling through glutaminergic and GABAergic pathways
and as a result, differentiate into myelinating oligodendrocytes to support neuronal survival [41]. Enhanced OPC
proliferation and differentiation have been demonstrated to promote functional recovery following brain injury [95].
Therefore, wound healing processes related to myelination and oligodendrogenesis around the microelectrode implant are
likely to contribute to improvements in functional recording performances. Interestingly, new myelinating
oligodendrocytes appear proximal to blood vessels at the tissue electrode interface (Fig 8@G), which matches previous
evidence demonstrating close proximity of OPCs with vasculature near the implant [31] and suggests a potential for
differentiation of OPCs into mature myelinating oligodendrocytes in apposition to blood vessels. Both OPCs and
oligodendrocytes have been shown to regulate blood brain barrier permeability and direct angiogenesis [41, 80, 81], which
can influence the chronic stability and reliability of functional devices [68]. However, without further studies the behavior
and function of perivascular oligodendrocytes near implanted microelectrodes remains unclear.

Regeneration of oligodendrocytes mainly occurs during chronic time periods (Fig 7E). This is consistent with the time
course of late OPC differentiation into oligodendrocytes following brain injury [30, 96-99]. However, it is indicated that
oligodendrogenesis close to the implant via OPC differentiation is suppressed (Fig 7C), which is likely due to the
encapsulating gliosis and neuroinflammatory signaling cascades that drive OPCs to differentiate into reactive astrocytes at
the tissue-electrode interface. While abundant OPCs have been shown to become activated and migrate toward the
implant within 72h following insertion [31], the time course of OPC differentiation into reactive astrocytes has been
implicated to occur prominently during the early inflammation period [30] while OPCs may differentiate into new
oligodendrocytes during the chronic immune response period. Targeting OPCs for preferential differentiation into
myelinating oligodendrocytes has been shown as an effective intervention to improve functional behavior during
neurological disorders [100]. Appropriate external stimuli such as pharmaceutical and/or mechanical cues on OPCs may
increase differentiation of the myelinating oligodendrocyte population near the implant, preserving functional neural
circuits at the electrode-tissue interface. Promising intervention candidates such as Fingolimod, an FDA approved drug to
treat multiple sclerosis, could improve the limited regenerative capacity of oligodendrocytes proximal to the implant.
Therefore, enhancement of OPC differentiation into mature myelinating oligodendrocytes may promote wound healing in
response to implantation injury and ultimately improve device biocompatibility and chronic signal fidelity.



While brain tissue has some limited capacity to regenerate after injury, wound healing attempts around the probe are not
always successful. Failure for oligodendrocytes to regenerate following microelectrode injury (Fig 8H) suggests that the
neuroinflammatory environment caused by implantation results in inefficient differentiation of OPCs or viability of newly
differentiated oligodendrocytes, which may compromise the ability maintain normal functions of nearby neurons.
However, mechanisms underlying the degeneration of newly differentiated oligodendrocyte around the implant injury
remain unknown. Future studies should focus on improving effective oligodendrocyte soma regeneration to improve
tissue healing following implantation injury.

4.5 Innate wound healing of myelinating structure as targets for biomaterial design

Innate wound healing after insertion is apparent as a small proportion of myelin can recover from early morphological
injury (Fig. 4E). The acute transient myelinosome density observed within 12h before demyelination (Fig 3C, 5E, 6B)
suggests that myelin is likely to be resistant to inflammatory injury and can restore cellular homeostasis back to a
physiological level [101]. Myelinosomes are the morphological representation of early myelin injury, but
oligodendrocyte lineage structures are suggested to have the innate ability to self-repair in a calcium-dependent manner
[101, 102]. Our results show that the consequence of myelinosome development is primarily the degeneration of the
associated myelin sheath, which is hypothesized to contribute to the degradation of functional recording capability.
Therefore, enhanced repair of myelinosomes during the acute injury may mitigate progressive myelin degeneration and
translate into increased tissue health and recording performance.

Oligodendrocytes, myelin, and OPCs have the potential to act as promising novel targets to promote integration of brain
tissue with microelectrode devices and enhance long-term device performances. Previous studies have shown that
oligodendrocyte activity can be manipulated by external stimuli such as pharmaceutical cues and mechanical strain [103,
104]. Biomaterial strategies focused on these aspects are hypothesized to improve the integrity of local oligodendrocyte
soma and myelin, and thereby functional device capabilities. One potential strategy to preserve myelin structure could be
application of a biomaterial coating encapsulating a drug specific for myelin repair. Drug-eluting polymer coatings are
hypothesized to modulate oligodendrocyte behavior by passive diffusion or controlled release into the surrounding tissue
[105]. Myelin integrity may be preserved by loading drugs or modifying surface chemistries that aim to inhibit NMDA
receptors and reduce calcium influx [106], reduce protease calpain activation to decrease cytoskeleton disorganization
[107-109], or mitigate oxidative stress to protect mitochondria activity [110]. These myelin-repairing drugs can be
delivered via direct functionalization onto the surface of the device or tethered with a polymer coating [23]. While drug
molecules directly attached to the probe merely interact with surface-adherent cells, drug-loading polymer coatings can
have release effects over a greater spatial range away from the probe surface. Myelin-repair drugs can also be
administered to the electrode-tissue interface through uncharged passive substrates such as polyester poly(d,l-lactide-co-
glycolide) (PLGA) [111]. PLGA is a common biodegradable material that can continuously release loaded molecules
without any induction of inflammatory responses [112]. Alternatively, conductive polymer coatings can be used to
achieve controlled release of loaded myelin-repair drugs via electrical stimulation. The conductive substrates, such as
poly(ethylene dioxythiophene) (PEDOT), have been shown to be electrochemically stable over the device surface and
biocompatible during chronic stimulation [27]. The efficacy and stability of conductive polymer coatings with anti-
inflammatory drugs could enable this technology to become a potential modification to improve tissue responses while
still preserving the device’s electrical properties.

An alternative strategy to reduce myelin injury may be to minimize mechanical strain induced by insertion, which can be
resolved by changing stiffness, geometry, or the size of the implant [23]. Our results demonstrate that mechanical strain
on oligodendrocyte lineage structures is correlated to substantial myelin loss and soma degeneration. Flexible devices
which mimic the elastic modulus property of native brain tissue is thus hypothesized to reduce morphological distortion
and severe degradation of oligodendrocytes. For example, hydrogel coatings absorb water and provide stiff devices with
similar mechanical properties relative to native brain tissue [113, 114]. Since the brain is constantly floating due to bodily
motions and breathing [115], hydrogel coatings could make anchored devices more flexible in order to minimize re-injury
during minor displacements of the brain. However, flexible hydrogels increase tissue drag during insertion and can reduce
the functional signal quality due to increased distance to the nearest neurons [23]. An alternative strategy to flexibility is
reducing material dimensions such as with carbon fiber microelectrodes. Advanced carbon fiber microelectrodes have
subcellular cross-sectional areas with sufficient electrical properties packaged in a much smaller device volume compared
to traditional silicon microelectrodes, which can result in decreased tissue displacement and mechanical strain to
surrounding brain tissue [21, 23]. These ultrasmall microelectrodes result in decreased gliosis and improved neuronal
health and device recording performances [21]. Therefore, the implantation of microelectrodes with reduced dimensions is



implied to enhance the integration of functional devices with oligodendrocyte lineage structures essential for signal
transmission and neuronal survival within the brain. Furthermore, geometric modifications such as etching the device
surface may also be a means to minimize device dimension and cross-sectional area [116]. Etching parallel grooves at the
nanoscale can reduce device diameters and mimic dimensions of extracellular environments, which significantly reduces
glial encapsulation and improve neuronal survival and functionality over chronic time periods [116]. Furthermore, open-
or lattice- structure designs reduces the device volume as well as creates diffusion gaps between tissue and device surface
to increase biocompatibility and mitigate device-induced inflammatory injury, and may improve oligodendrocyte health
[117].

Conclusion

This study investigates real-time spatiotemporal dynamics of oligodendrocytes and myelin in response to intracortical
microelectrode implantation. The formation of myelinosomes, an early morphological indicator of myelin injury, is
observed within 72h after insertion. Degeneration of surrounding myelin processes starts at 72h and substantially
progresses both spatially and temporally. Loss of oligodendrocyte soma is prominent near the implant acutely but is
compensated by limited regeneration of new soma during chronic implantation periods. This study focuses on an
oligodendroglial population that has yet to be fully understood within neuroinflammatory cascades and functional
outcomes, which provide a more comprehensive understanding of dynamic cellular responses to implant injury. These
detailed characterizations of biological activity can guide future interventions to mitigate oligodendrocyte injury and
target oligodendrogenesis near the implant. Given the essential impact of oligodendrocytes on supporting neural signals,
oligodendrocytes have the potential to be a target for novel intervention strategies aimed at enhancing the stability and
reliability of chronically implanted intracortical microelectrodes. Engineering more stable long-term recording
capabilities, especially from CA1, will enable neuroscientists to explore new scientific questions, particularly regarding
memory and plasticity.
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Figure 1: Chronic experimental setup to investigate real-time oligodendrocyte activity within the tissue-electrode interface. A)
Schematic for two-photon imaging. After microelectrodes are implanted at 30° angle over visual cortex, CNP-EGFP mice were
imaged at 1, 3, 6, 9, 12, 24, 48, 72h following insertion acutely, daily up to 14 days, then weekly until end point at 28 days post-
insertion. B) Chronic ipsilateral and contralateral imaging window preparation. C) Microelectrodes penetrated cortical layers with
resting depth within Layer II/III, while myelin distribution in the transverse plane is mainly in Layer I. Therefore, the imaging plane to
track oligodendrocyte activity is in Layer I. D) Oligodendrocyte dynamics quantified within 250 pm adjacent to the outmost
microelectrode shank is considered as the interface response to the implantation (arrow), while the activity beyond 250 pm are
quantified as distal activity. The outmost electrode shank is outlined (blue).
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Figure 2. Myelin and oligodendrocytes experience morphological distortion in vivo due to microelectrode implantation into the cortex.
(A) Representative images of EGFP-labeled oligodendrocyte structure and red fluorescently labeled vasculature on the implant and
contralateral area 1h following insertion. White dashed rectangles indicate ROIs at the interface, distal regions (> 250 um away from
the implant), and contralateral side. (B) Angle distribution of myelin pixels, which indicates the orientation preferences of myelin
processes within the ROI. Group-wise significant differences (p < 0.05) showed that myelin tended to align parallel to the implant
direction (U shaped curve) compared to normally-orientated myelin sheaths at distal and contralateral regions (N shaped curve). (C)
Oligodendrocyte somas adjacent to the implanted probe have a more elliptical shape compared to circular OLs on the contralateral
side. Morphology of oligodendrocyte somas is measured by manual elliptic fitting with the major axes (long blue line) and the minor
axes (short red line), and are used for calculation of Cell Shape Strain Index (CSSI) and CEA. (D) Distribution of OL soma CSSI at
electrode-tissue interfaces (< 50 um), distal tissue > 250 um, and contralateral regions (p < 0.0001). (E) The direction of elliptic OL
soma is measured by the angle between the major axes and a line perpendicular to the implant (yellow line in Figure 2¢) and plotted in
a box plot for OLs within 50 pm radius from the implant and > 50 um from the interface (p < 0.0001). **** indicates significance at p
value small than 0.0001. All data presented as mean + standard deviation.
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Figure 3. Myelinosomes appeared on myelin processes at the microelectrode interface acutely following implantation. (A)
Representative images show large numbers of bleb-like protrusions (red arrow) near the implant. In contrast, low amounts of
myelinosomes protrusions are observed in the no-implant contralateral regions (green arrow indicates OL soma). (B) Heatmap shows
the normalized myelinosome distribution from the implant surface over the 4-week implantation period. High levels of normalized
myelinosome densities are observed acutely after microelectrode implantation. (C) Normalized myelinosome density within 100 pm
from the probe at each time point until chronic week 4 post implantation compared to control (225-250 um bin). Normalized



myelinosome density is high within 50 um from the probe immediately following insertion, and then gradually expands spatially up to
100 pm from the surface of the implant until 72h post insertion. This activity eventually reduced to contralateral levels following
chronic implantation. (D) Distinct temporal patterns of normalized myelin density binned 25 um up to 250 um away from the surface.
Normalized myelinosome density primarily within 100 pm is distinguished from normalized contralateral levels. (E) Changes in
patterns of linear modeling of normalized myelinosome density with respect to distance over time shows sharp transition in spatial
distribution of myelinosomes at the interface at 12-24h and 72h to 5 days post-implantation. In the linear regression model, the
regression slope is represented as myelinosome spatial gradient and regression Y -intercept is reported as proximal myelinosome
density, showing a sharp transition from skewed spatial distribution acutely to evenly low distributions chronically. (*: p < 0.05; **: p
<0.01; ***: p <0.0005; ****: p <0.0001) All data presented as mean =+ standard deviation.
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Figure 4. Dynamic changes to myelinosome diameter and demyelination at the tissue-electrode interface over time. (A) Representative
image sequences show individual myelinosomes near the implant (red arrows) dynamically change diameter over time. Disappearance
of myelinosomes coincides with the degeneration of adjacent myelin (double yellow arrows). (B) Myelinosome diameter normalized to
contralateral regions over 250 pm away from the probe, divided into myelinosome active areas in bins of 25 um up to 100 um away
from the probe surface and resting interfacing region (100-250 um), reveals a significant peak in diameter at 0-25 pm from the probe
surface 3 h post implantation. (C) Temporal patterns of normalized myelinosome diameter evaluated by linear regression demonstrate
comparable trends of normalized myelinosome diameters within distinct regions over time. (D) Degradation of some myelinosomes (red
arrow) can lead to subsequent demyelination (double yellow arrows). In contrast, some myelin (double green arrows) segments survive
when the adjacent myelinosomes disappear (suggesting potential repair). (E) Percentage of myelinosomes associated demyelination and
surviving myelin length over the total myelinosomes labeled segments near tissue-electrode interface (< 100 pm) demonstrates that the
fading of myelinsome tends to be followed by myelin degeneration near the implanted probe. (*: p < 0.05; **: p < 0.01) All data
presented as mean + standard deviation.
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Figure 5. Severe demyelination occurs proximal to the implant over the chronic 4-week implantation. (A) Representative time-series (1
hr to 28 days) images show a decrease in myelin distribution (green) near the implant. Red denotes SR101-labeled blood vessels. (B)



Spatiotemporal heatmap of normalized myelin density over time. Visible decrease in myelin density is observed near the implant. (C)
Normalized myelin density per length measurement shows significant myelin reduction occurs close to the electrode-tissue interface
initially, but expands over time up to 100 pm away from the implant surface. (D) Characterization of myelin density modeled with non-
linear third order polynomial (cubic) fitting (95% confidence intervals as shadowed regions). The likelihood ratio test for group-wise
significance exhibits distinct spatial profiles of normalized myelin density. (E) Linear regression model of normalized myelin density
over distance (spatial gradient represents regression slope and proximal density indicates regression intercept) indicates spatial patterns
of normalized myelin density at the tissue-electrode interface significantly changes at 72 hr and 14 d following electrode insertion. (F)
Temporal relationship of normalized myelinosome density and normalized myelin density within 100 pm of the probe demonstrates
large decreases in normalized myelinosome density (light blue shadow; significant shift from positive to negative value) is followed by
a delayed reduction in normalized myelin density (light pink shadow; significant negative value). Difference in percentage is determined
as the difference between two time points over the average value of two time points. Positive difference percentage indicates increase
compared to the previous time point, while negative difference percentage shows decline from the previous time point. (*: p < 0.05; **:
p <0.01; ***: p <0.0005; ****: p <0.0001) All data except (E) are presented as mean =+ standard deviation. Difference percentage is
reported as mean =+ standard error for clear visualization.
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Figure 6: The number of myelinosomes on each myelin segment is high during the acute inflammation period but relatively low over
chronic time points. (A) Heatmap characterization of normalized myelinosome/myelin ratio shows most myelin segments have
multiple myelinosomes acutely near the tissue-electrode interface. (B) Spatial representation of normalized myelinosome/myelin ratio
per day within 100 um tissue-electrode interfacing regions. High levels of normalized myelinosome/myelin ratio occur from 50 pm to
100 um away from the implant during acute phase (<72h post insertion) (p < 0.01). (C) Temporal variation in normalized
myelinosome/myelin ratio from implant surface up to 250 pm away at representation lh, 72h, and d28 following implantation. Acute



implantation results in significantly high normalized myelinosome/myelin ratio proximal to the implant (p < 0.01), while chronic
implantation has normalized ratios similar to the contralateral hemisphere. (D) Linear regression modeling quantifies changes in
spatiotemporal distribution of normalized myelinosome/myelin ratio significantly occurs at d7 post insertion, shows that abrupt
change in myelinosome/myelin ratio spatial distribution to low, evenly distribution (*: p < 0.05; **: p <0.01; ***: p <0.0005; ****: p
<0.0001) All data presented as mean =+ standard deviation
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Figure 7. Oligodendrocyte degeneration and regeneration occur around chronic implant over 4 weeks. (A) Representative images of
degeneration of a single oligodendrocyte near the implant at 72 h post-implantation. Red (sulforhodamine 101) indicates surrounding



blood vessels. (B) Oigodendrogenesis at tissue-electrode interface at 28 days following implantation. Blue arrows indicate the same
oligodendrocytes and blood vessels as landmarks at 14 and 28 days, and white arrows show newly differentiated oligodendrocyte somas.
(C) Histogram of degenerated/newly-differentiated oligodendrocytes over time as a function of distance (bins of 50 um). Significant
group-wise difference between the degenerated oligodendrocytes and oligodendrogenesis occurs at the first 50 pm radius bin (p < 0.005).
(D) Changes in overall oligodendrocyte density over 250 um away from the implant between consecutive time points (%/day).
Degeneration of oligodendrocytes initiates at 24 h and reaches peak at 72 h post-implantation. (E) Changes in temporal patterns of
cumulative density of degenerated/newly differentiated oligodendrocytes relative to 1 h control. Newly differentiated oligodendrocytes
are observed starting at 48h post-implantation. (F) Time course relationship among myelin density, degenerated and newly differentiated
oligodendrocytes within 100 um from the implant. Both significant demyelination (p < 0.05) and oligodendrocyte degeneration (p <
0.0005) within 100 um from the implant occurs between 48 h and 72 h post implantation. (*: p < 0.05; **: p <0.01; ***: p < 0.0005;

*AkE: p <0.0001) All data except (F) are presented as mean + standard deviation. Difference percentage is reported as mean + standard
error for clear visualization.
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Figure 8. Perivascular oligodendrocytes on blood vessels are impaired by chronic implantation. (A) Representative images of a
perivascular oligodendrocyte soma (green; white arrow) on surface of capillary blood vessel (red). (B) Distribution of oligodendrocyte



population as a function of distance between oligodendrocyte soma and blood vessel surface. (C) Types of blood vessels that have edge-
to-edge distance less than minimal pixel resolution (< 0.4) with perivascular oligodendrocytes. (D) Time-series of perivascular
oligodendrocyte degeneration near the implant (double yellow arrows indicate the perivascular oligodendrocyte eventually disappeared
at d 5 post implantation). (E) Percent of degenerated oligodendrocytes over the perivascular subtype in edge-to-edge distance less than
minimal pixel resolution and resting non-perivascular subtype (edge-to-edge distance > 0.4 um) within the 250 um away from the probe
surface. (F) Percentage of oligodendrocyte subtypes that degenerated over time relative to 1 h post-insertion control in proximal (<250
um away from the implant) and distal regions (> 250 um). (G) Regeneration of perivascular oligodendrocyte at tissue-electrode interface
at day 14 post-implantation (white arrow). (H) Oligodendrogenesis at the tissue-electrode interface at day 21 post-implantation. One of
these oligodendrocytes degenerates at 28 days post-implantation without remyelinating. (**: p < 0.01; ***: p < 0.0005) All data
presented as mean + standard deviation.

Data Availability
The raw/processed data required to reproduce these findings cannot be shared at this time as the data also forms part of an
ongoing study.
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